CHANGES in fluid and protein transport between blood and pulmonary lymph have been used extensively to indicate changes in permeability of pulmonary exchange vessels (Staub, 1978; Brigham et al., 1979) . Fluid flux (J v ) across the vascular membrane is determined by a complex balance between existing physiological forces and capillary permeability. In the fluid flux (J v ) equation:
Thus, Kfc, ad, Of, and PS must be evaluated before inferences can be made concerning the fluid balance and permeability status of the lung (Brigham et al., 1979) .
We estimated Kf c from a balance of transcapillary forces, and aa, at, and PS, using lymph flow and protein data for each of six endogenous protein fractions Renkih et al., 1977a; Granger and Taylor, 1980) . Using these membrane parameters, we calculated the convective and diffusive components of flux for each protein fraction over a wide range of filtration rates. Finally, an "equivalent pore" model was derived for the capillary membrane using the estimated ad values.
Methods
Mongrel dogs weighing between 16.0 and 21.5 kg were anesthetized with intravenous sodium pentobarbital 30 mg/kg. All animals were placed in the right lateral decubitus position, intubated, and ventilated with a Harvard respirator. The left lung was exposed through an intercostal incision, and a number 14 French catheter with a 30-ml balloon was sutured into the left atrium. An afferent lymphatic vessel to the left tracheobronchial node was isolated and cannulated with polyethylene tubing held in place with a ligature and cyanoacrylate adhesive (Parker et al., 1979) .
The three tracheobronchial nodes receive essentially all lymph draining the dog lung tissue. Afferents to the left tracheobronchial node converge at the hilus and may join before entering the node. By cannulating afferent vessels, a representative sam-550 CIRCULATION RESEARCH VOL. 48, No. 4, APRIL 1981 pie of pure lung lymph can be collected without contamination from extrapulmonary sources (Leeds et al., 1979) . The diffuse nature of the lung lymphatics prevented collection of total lung lymph. Therefore, the permeability coefficients presented in this paper were calculated using the absolute lymph flow measured in the particular lymphatic vessel cannulated for each experiment.
Catheters were also placed into the left carotid artery, pulmonary artery, and left atrium in order to monitor these pressures. Sodium heparin, approximately 100 units/kg, was infused at the beginning of each experiment to reduce clotting during the experimental procedures. Lymph flow could be measured by timing the movement of the fluid miniscus in a calibrated micropipette (Accupipette). Plasma and lymph total protein concentrations were measured periodically with a simple refractometer (American Optical Co.).
The experimental protocol began with a 60-minute baseline period to obtain a steady state in vascular pressures, lymph flow, and protein concentration. Samples of lymph and plasma were collected during this period and quickly frozen for subsequent electrophoresis. Left atrial pressure then was elevated in steps of 10-15 cm H 2 O by inflating the 30-ml balloon of the Foley catheter previously sutured into the left atrium. Lymph flow and total protein concentrations were monitored at 10-minute intervals until a new steady state was obtained for these parameters (1-2 hours). At each new steady state, samples of lymph and plasma were frozen for future analysis. The left atrial pressure elevations were repeated as long as the animal could maintain a systemic arterial pressure above 90 mm Hg. In five dogs the left atrial pressure was increased above 40 cm H2O in a single step after the control period to ensure a maximal rate of lymph flow.
The endogenous protein fractions in lymph and plasma were separated using the gradient gel electrophoresis technique as described by Brigham and Owen (1975) . The fractions were separated on polyacrylamide gradient gels (Pharmacia Fine Chemicals) using a Pharmacia Electrophoresis power supply (EPS/500/400). Gels were scanned with an ultraviolet gel scanner (Helena Laboratories), and the concentrations of the various protein fractions were calculated by integrating the areas of their absorbance peaks. A representative scan of dog plasma and tracheobronchial lymph is shown in Figure 1 . Several peaks were found consistently in dog plasma and lymph, but no attempt was made to systematically identify the particular protein responsible for every discemable peak. Two separable peaks were included within fractions III, IV, and V to reduce variability of lymph-to-plasma ratios. The migration limits for each fraction are indicated.
The effective molecular radii of the different protein fractions were estimated by comparing relative migration distances of the fractions to migra- tion distances of substances with known equivalent radii. Figure 2 shows the standard curve obtained using substances of known radius as well as the six endogenous plasma fractions analyzed for this study. The six protein fractions had the following effective hydrodynamic radii: I (37 A), II (40 A), III (44 A), IV (53 A), V (100 A) and VII (120 A).
Statistics
All data are presented as means ± SE unless otherwise indicated. Statistical tests include paired (Snedecor and Corchran, 1976) . A two-way analysis of variance was used to test for differences between fractions in the data as shown in Figure 7 . F values were calculated to test for significant differences between slopes and intercepts of multiple curves (Netter and Wasserman, 1974) . The null hypothesis was rejected in all instances when P < 0.05 was obtained for a particular statistic. All statistics were calculated using a TI58 programmable calculator and a Sorcerer digital computer.
Results
The steady state lymph and plasma protein data from 15 experiments are summarized in Table 1 . These lymph and plasma protein concentrations were used to estimate the variables and membrane coefficients in the fluid and protein-flux equations. Note that for all elevations of left atrial pressure, except for one elevation in experiment 9/26, lymph flow increased and lymph protein concentration decreased.
Transvascular Fluid Flux
A complete description of transvascular fluid flux requires measurement of the transvascular hydrostatic and oncotic pressure gradients as described in Equation 1. Since neither the filtration coefficient nor tissue pressure were measured directly in these experiments, only general inference can be made relative to the total transvascular driving pressure acting across the pulmonary exchange vessels.
Lymph Flow Response to Increased Microvascular Pressure
The steady state relationship between capillary pressure and pulmonary lymph flow is shown in Figure 3 . Included in this figure are lymph flow values measured in four dogs that were not included in Table 1 . These four animals demonstrated similar changes in lymph flow and total protein, but the electrophoresis was not of sufficient quality to allow proper separation of the protein fractions. Lymph flow was plotted relative to control flow. Capillary pressure (P c ) was calculated using the left atrial (PLA) and pulmonary arterial (PPA) pressures according to the following equation (Gaar et al., 1967) :
The mean control vascular pressures and lymph flow were: P PA = 19.9 ± 1.0 cm H 2 O; PLA = 5.3 ± 0. 
Transvascular Colloid Osmotic Pressure Gradient
An elevated left atrial pressure obviously increased the hydrostatic pressure gradient for fluid filtration. At the same time, the colloid osmotic pressure gradient increased between plasma and lung tissue. This was the result of a lower lymph protein concentration. Figure 4 illustrates the relationship between the transcapillary colloid osmotic pressure gradient (A77 = 77 P -TTL) and pulmonary capillary pressure. Colloid osmotic pressure were calculated using the total protein concentrations (C), and the equation recently derived by Navar and Navar (1977) for dog plasma proteins:
Under control conditions, the mean plasma and lymph protein concentrations were 6.20 ± 0.12 and 4.23 ± 0.15 g/dl, respectively. These concentrations correspond to colloid osmotic pressures of 24.9 and 13.9 cm H 2 O, and a Aw of 11.0 cm H 2 O.
In every case, the colloid osmotic pressure difference between plasma and lung lymph increased as capillary pressure increased. The average increase in Aw was 0.372 ± 0.064 cm H 2 O for each cm H 2 O increase in capillary pressure. The mean regression equation for all individual experiments was:
The mean Aw increased to 17.0 cm H 2 O at a mean lymph flow of 2.83 times control, and 19.1 cm H 2 O when lymph flow averaged 6.31 times control. This change in the transcapillary oncotic pressure gradient would compensate for 37% of the vascular pressure increase, if the total calculated colloid osmotic pressure was exerted across the capillary wall. However, the effective colloid osmotic pressure gradient across the vascular membrane is determined by the product of the osmotic reflection coefficient and the calculated colloid osmotic pressure. If the osmotic reflection coefficient is less than unity, then the effective osmotic pressure gradient for fluid absorption (<JdAw) will be smaller than the calculated value, and the importance of Aw in buffering the increased capillary pressure will be diminished accordingly. 
Estimation of the Osmotic Reflection Coefficients
flow. Figure 5 summarizes the CL/C P ratios at both
The lymph-to-plasma concentration ratios of the six protein fractions were related inversely to molecular radius of the fraction and the rate of lymph control and increased lymph flows. The degree of seiving was dependent upon molecular size at both low and high lymph flow rates.
The osmotic reflection coefficients for total pro- tein and the six protein fractions were calculated using the minimal lymph-to-plasma (CL/C P ) concentration ratios. Granger and Taylor (1980a) have shown that:
at high lymph flows.
This estimate of aa is based on the relationship between C L / C P and lymph flow using a modification 
8)
where x = (1 -a)J v /PS. It is apparent that when lymph flow is increased sufficiently, x becomes very large and CL/C P approaches (1 -a). Although Equation 8 pertains to a single pathway, the limiting condition of C L /C P = (1 -a) can be applied to pulmonary vessels with multiple pore populations. This is possible because O[ approaches Od at high filtration rates . In the strict sense, only when x = oo does CL/C P = (1 -a). For practical purposes, when J V /PS exceeds a value of 10 for a protein fraction, the lymph protein concentration becomes filtration independent. The Od values estimated from these minimal CL/C P ratios are summarized in Table 2 . Figure 6 shows the CL/C P ratios as a function of lymph flow for the smallest (albumin) and largest (/?-lipoprotein) protein-fractions. The dashed lines represent CL/C P ratios predicted using Equation 8, and different values of a and PS. We used high flow cross-point PS values from Table 3 and the control lymph flow from the same group of animals used to calculate the PS values. For albumin, the theoretical curves were calculated using estimates of PS = 0.058 ml/min, and an initial lymph flow of 0.022 ml/ min, for a range of a values between 0.5 and 0.8. For the J V /PS ratio to exceed a value of 10, a lymph flow increase of more than 25 times control would be required. The theoretical curve for /?-lipoprotein was calculated using PS = 0.01 ml/min, J vo = 0.022 ml/min, and ad = 0.96. It is evident from the four predicted albumin curves that a ranges of oa values is compatible with the CL/C P data points for fraction I. Neither the theoretical nor experimental CL/ C p ratios for albumin apparently have attained volume flow-independent values within the experimental range of lymph flows. However, note that /?-lipoprotein ratios appear to plateau at a lymph flow VOL. 48, No. 4, APRIL 1981 • Means ± SE calculated for steady state lymph flows above 5 times the control value; ad calculated using 1-(Ci./Cp) and a, (cross), using the method of Taylor et al. (1977) .
f Means ± SE calculated for all experiments; o t (slope) calculated using the method of Renkin et al. (1977) .
of about five times control. At this lymph flow, J v / PS was 11.
Transcapillary Protein Flux
The transcapillary protein flux has both a convective (bulk flow) and a diffusive component. The membrane parameter which determines the bulk flow of protein is the solvent-drag reflection coefficient, whereas the permeability-surface area product determines diffuse transport. The solvent-drag reflection coefficients and PS products were calculated from the lymph and plasma protein data by means of two recently published methods. Both of the methods are based on solutions of the linear flux equation (Equation 2).
Solvent-Drag Reflection Coefficients
Cross-Point Method . The cross-point method uses a solution of two linear , and lymph (CL) and plasma (C p ) protein concentrations may be used to describe points on a straight line. This line joins a value of at calculated by assuming PS = 0 (no diffusion), to a value of PS calculated using a = 1 (no convection). These two points were designated o-fo and PS o =i, respectively, and calculated using the following equations:
(10)
The lines describing two different steady state lymph flows intersect at unique values for o f (cross) and PS (cross). The two linear equations were solved by designating o; = ot o , and PSi = PS o =i. Then at (cross) and PS (cross) were calculated, using the following equations:
It became evident that or values calculated in this way were dependent upon the mean lymph flow of the steady states selected. Figure 7 shows the relationship of at (cross) to lymph flow, for total protein. Renkin et al. (1977) . PS (cross) values are means calculated using the method of Taylor et al. (1977) . PS,,-i values calculated using (J v X C L )/(Cp -C L ).
* Calculated from lymph flow states >5 times control. f Calculated from all experiments at control lymph flows.
flow rate were acceptable by this criterion. However, only approximately 50% of the at (cross) values were acceptable between flux states separated by only a 2-fold or less increase in lymph flow. A regression analysis of the composite at (cross) values on lymph flow indicated a significant relationship between at and lymph flow. This was true for total protein, and all of the protein fractions except fractions III. An analysis of covariance and "F" test on the six fractions indicated significant differences in the intercepts of all curves except for the intercepts for fractions V and VI. This indicates a significant relationship between at (cross) and the molecular radius of the particular fraction.
Slope Method (Renkin et al., 1977a) . The second method for obtaining the at in Equation 2 required a least-squares regression analysis of PS o _i on lymph flow. A regression line was obtained for each fraction in every experiment. The slope (a) and intercept (b) of these lines were used to calculate or and PS for each fraction using equations:
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FIGURE 8 A composite graph ofof (cross) values for the six protein fractions as a function of lymph flow times control.
Using this type of analysis, a single average at value for a particular fraction was obtained in each experiment. This Of (slope) was weighted toward the highest lymph flow rates in the particular experiment. The fff (slope) values were significantly higher than the Of (cross) values estimated for low lymph flows, but were not significantly different from a ( (cross) values calculated for high lymph flow states. An example of the relationship between PS o =i and J v for experiment 9/12 is shown in Figure 9 . The o f (slope) values for this experiment were 0.27, 0.30, 0.32, 0.48, 0.92 and 0.99 for fractions I through VI in order of increasing molecular radius. Table 2 summarizes the osmotic and solvent-drag reflection coefficients calculated in this study. There was a significant relationship between every type of reflection coefficient and molecular radius of the fraction. Table 3 summarizes the estimates of the permeability-surface area product. There was a significant inverse relationship between the PS product and molecular radius. There was no significant difference between the PS (slope) and high flow PS (cross) values, but PS,,_i values increased significantly at high lymph flows. In addition, the J V /PS ratios for total protein and the six fractions increased as lymph flow increased. This ratio only exceeded a value of 10 for fractions V and VI at the highest flow states. Since a J V /PS ratio greater than 10 indicated that the CL/C P ratios were filtration independent, the lymph concentrations of the smaller protein molecules did not reach a filtration independent state.
Permeability Surface Area Products
Convective and Diffusive Transport
The relative contribution of convective and diffusion to total protein flux was calculated for each of the six protein fractions and total protein. Total protein flux (J p ) for each fraction at each steady state was calculated using the equation:
(16) The convective transport (J c ) for each fraction was then calculated using the equation:
where the at (cross) was that calculated for the lymph flow at each steady state. The diffusive flux (Jd) for each steady state then could be calculated from the difference equation:
Jp -Jc
(18) Figure 10 shows the relationship of the total protein fluxes to lymph flow calculated for experiment 10/10. This representative experiment indicates that both convective and diffusive fluxes contributed to the increase in total protein flux at higher rates of lymph flow. Table 4 summarizes the flux data for all experiments. All steady states were divided into three groups with lymph flows ranging from 1.0 to 2.0, 2.2 to 3.4, and 3.5 to 10.0 times control. The appropriate O( for each fraction and each range of lymph flows was used to compute the convective fraction of total flux. Where at exceeded ad for fractions V and VI, the value of Od was used to calculate convective flux. This was necessary because of the tendency to overestimate at at high lymph flows using the arithmetic mean protein concentrations (Granger and Taylor, 1980a) .
In general, the fraction of total flux due to convection was related inversely to molecular radius. This flux comprised 76% of total fraction I (37A) flux, but only 37% of fraction IV (120A) flux at 1.1 times control lymph flow. The fluxes shown in the table were calculated using the mean protein concentrations, and mean control lymph flow of 0.0196 ml/min.
Estimation of Fluid Filtration Coefficient
The filtration coefficient was estimated from the balance of transcapillary forces according to Erdmann et al. (1975) . We used the assumptions that interstitial pressure equalled atmospheric pressure, and that the lymph collected represented M > of the total lung lymph. The mean lung weight of 183g was based on 10 g/kg body weight (Gump, 1978) . The net transcapillary filtration pressure (P cadATr), was calculated from mean capillary pressure, mean plasma and lymph protein concentrations, and the reflection coefficient. The filtration coefficients were 0.0076 ml/min per cm H 2 O per 100 g at control lymph flow; 0.0055 ml/min per cm H2O per 100 g at 2.83 times control flow; and 0.0091 ml/min per cm H 2 O per 100 g at 6.31 times control flow. 
Estimate of Microvascular Pore Radii
The osmotic reflection coefficient data was used to estimate equivalent pore radii for the filtration vessels in the lung. We used the method of Renkin et al. (1977b) which permits correction for errors introduced by passage of smaller protein fractions through large pores in a heteroporous membrane. Figure 11 shows mean 1 -a values (dots) taken from Table 1 and plotted on a log scale as a function of molecular radius. Curves relating 1 -a<j to molecular radius were generated for different pore sizes using the equation of Drake and Davis (1978) . A pore curve was then selected which best fit the 100 and 120 A fractions (V and VI) when the intersection of the curve with the ordinate was transposed downward. A 200 A pore fit these points with an intercept at 0.162. This curve was subtracted from the four smaller fractions (I-IV) to calculate the 1 -ad values (x) for these fractions corrected for flow through the large pore system. These points best fit a pore curve of 80 A with an intercept at 0.81. From this type of analysis, a predicted volume flow across the filtration vessels which is 81% through 80 A pores, 16% through 200 A pores and the remaining 3% through cellular pores may be predicted.
Using the relative volume flow through these two pore populations, the pore radii (80 and 200 A), and the Poiseuille equation, the relative small pore/ large pore filtration areas (A SP /AL P = 32/1), and pore numbers (N sp /N Lp = 195/1) were calculated.
Discussion
Estimation of Phenomenologic Permeability Coefficients using Lymph Protein Data
Previous experimental estimates of pulmonary capillary permeability suggest an endothelial barrier which has a definite sieving capability, but is permeable to most plasma proteins (Staub, 1974) . Similar permeability coefficients and membrane pore sizes are obtained, when based on lung lymph data. Apparently, our minimal lymph-to-plasma ratios are not unique to the dog lung. Erdmann et al. (1975) obtained comparable lymph-to-plasma ratios for total protein (0.36 ± 0.02) and albumin (0.50 ± 0.02) in their five highest lung lymph flow states (4.0 ± 1.1 times control). They increased lymph flow by acute elevation of left atrial pressure. Their lymph-to-plasma ratios indicated a reflection coefficient of 0.50 for albumin, and 0.64 for total protein when Equation 7 was applied. Boyd et al. (1969) also compared the steady state lymph-to-plasma ratios of various molecules using right duct lymph collected from sheep. They used three protein fractions, and several different l2S I-PVP (polyvinylpyrrolidone) fractions to calculate "equivalent pore" radii of 90 A in newborn lambs, and 130 A in mature sheep. An albumin reflection coefficient of 0.51 and a total protein reflection coefficient of 0.65 (assuming an equivalent solute radius of 44 A) are compatible with these pore dimensions. Therefore, the lymph protein concentration in the dog model approached approximately the same minimal values as found in sheep. This led to similar estimates for pore sizes and reflection coefficients.
It is unlikely that significantly higher lymph flows, or lower lymph protein concentrations, could be obtained in the dog model by further elevation of left atrial pressure, but the lymph-to-plasma ratio will give an accurate estimate of the osmotic reflection coefficient when (1 -o) J V /PS approaches a value of approximately 10 ( Granger and Taylor, 1980a) . Only the J V /PS ratios for fractions V (100 A) and VI (120 A) were sufficiently high (14.3 and 25.0, respectively) to justify confidence that the C L / C p ratios obtained at high filtration rates actually represented (1 -ad). For the smaller protein fractions (I-IV), the CL/C P ratios must overestimate (1 -ad), and ad values calculated for these fractions represent underestimates of the actual ad values. For example, the J V /PS ratio was only 0.89 for fraction I (albumin) at lymph flows exceeding five times control. A predicted lymph flow equal to 40 times control would be required to permit an accurate estimate of (1 -ad) using the lymph-to-plasma ratio. Thus, even at high lymph flows, the true osmotic reflection coefficients cannot be obtained for the smaller molecules (Granger and Taylor, 1980b) .
Estimates of reflection coefficients have been obtained using interative pore models which are adjusted to fit lymph and plasma protein data obtained from unanesthetized sheep (Staub, 1974; Blake and Staub, 1976; Brigham et al., 1979) . Reflection coefficients of 0.80 for albumin and 0.90 for globulin have been estimated from pore populations which best fit the lymph data (Staub, 1974) . However, experimental verification of these reflection coefficients is required to test the underlying assumptions used to construct such models.
The permeability-surface area products characterize the diffusive transport of protein. A comparison with previously published PS values is limited by the inability to measure accurately the weight of lung tissue drained by a particular lymphatic vessel. The total protein PS o _i values were comparable to values estimated by previous investigators (Meyer, 1978; Brigham et al., 1979) , when comparable lymph flows were assumed, but PS o _i values were significantly higher than simultaneously calculated PS (slope) and high flow PS (cross) values. Since the PSo_i estimate assumes that protein transport occurs purely by diffusional flux (Renkin, 1964) , it appears to be a less reliable estimate than values calculated by either the slope or cross-point methods.
Direct estimates of selectivity using protein data are theoretically more concise than many other methods, because of the relatively small number of assumptions required. However, two factors tend to limit the accuracy of some of these calculations using lung lymph. First, a sufficiently high rate of pulmonary lymph flow cannot be attained by acute elevations of left atrial pressure to produce a filtration-independent lymph concentration for the small protein fractions (Granger and Taylor, 1980a) . This may be attributed to a normally high permeability, or a large filtering surface area (Weibel, 1973) . Second, a high pulmonary vascular pressure may damage the endothelial membrane and increase the vascular permeability. Certainly, the high protein concentration of alveolar fluid formed during hydrostatic pulmonary edema indicates a very permeable capillary barrier (Vreim et al. ,1976) . Therefore, with the possible exceptions of fractions V and VI, the values presented here should be considered minimal values of ad and the maximal PS values.
Effects of Macrovascular Heteroporosity on Protein Transport
Transport characteristics of the various protein fractions are a function of the filtration pressures and the pathways available for passage of the protein molecules. The routes available for fluid and protein movement between plasma and lymph are: (1) small gaps in the fusion seams between endothelial cells in pulmonary capillaries, arterioles, and venules; (2) minute pores in the cellular membranes (8 A) through which water may diffuse; (3) large but infrequent gaps between endothelial cells; and (4) transport by random exchange of endothelial vesicles (Blake and Staub, 1976) . Vesicular transport would constitute a filtration-independent pathway for large proteins.
The presence of a heterogenous population of transport pathways is apparent by inspection of the relationship between the CL/C P ratios and molecular radii (Fig. 5) . The sieving ratio decreased sharply as a function of molecular radius for the smaller protein fractions, but not for the larger ones. This suggests a large number of capillary pores capable of sieving protein fractions between 37 and 53 A in effective radius, but also some pores sufficiently large for the passage of the 120 A protein fraction. The two pore radii that best fit the data are 80 and 200 A, with 81% of hydraulic flow occurring through the smaller pores and 16% through the larger ones. The remaining 3% of hydraulic flow can be attributed to cellular membranes (Renkin et al., 1977b) .
The recent two-pore model of McNamee and Staub (1979) agrees closely with the pore sizes derived from the present study. They measured isotope-labeled fibrinogen, as well as albumin and globulin, in order to obtain a spectrum of molecular sizes in plasma and lung lymph. Although several combinations of pore sizes fit the data using a threepore computer model, the optimal radii for two pores were 60 and 228 A with 73% of filtration occurring through the smaller pores, and 27% through large pores. The relative small pore/large pore areas and numbers of 39/1 and 563/1 calculated from their data compare favorably to the 32/ 1 and 195/1 estimated from our data.
Previous computer-optimized models used to fit lung data generally employ three-pore populations (Blake and Staub, 1976; McNamee and Staub, 1979; Brigham et al., 1979) . Blake and Staub (1976) found that pores of 125 A, with a very few 1000 A pathways could account for the distribution of albumin and globulin between plasma and pulmonary lymph in sheep. Small pores of 20 A for water transport were required to fit the pattern of lymph protein washdown found at elevated vascular pressures. Brigham, et al. (1979) used pore radii of 40,140, and 1000 A to fit sheep lung lymph data, but were unable to distinguish two-pore populations using the graphic method presented here. Their computer model predicted an increasing filtration fraction through the smaller pore population at increased filtration rates, and a concomitant increase in at with lymph flow.
We also observed a dependence of the solvent drag reflection coefficient on lymph flow. In a heteroporous system, the solvent drag reflection coefficient will approach the value of the osmotic reflection coefficient when the filtration rate is high . The fact that at increased at high lymph flow indicates an increase in the fraction of transcapillary filtration which passes through pores of smaller radii. The relatively large increase in convective transport of the smaller protein fractions as compared to larger fractions at high filtration rates is also indicative of heteroporosity in the capillary membrane.
The Contribution of Lymph Flow and Transvascular Colloid Osmotic Pressure Gradient to the Safety Factor against Edema
The response of lymph flow to increased vascular pressure that we observed in the dog model was similar in magnitude to values reported for sheep lungs. Lymph flow increased an average of 0.19-fold for each cm H 2 O increase in capillary pressure in our acute dog lung preparation. Lymph flow increases of 4-to 5-fold were typical, and a 10-fold increase was the largest observed in these studies. Analysis of data from Erdmann et al. (1975) indicates an average lymph flow response of 0.15 (±0.10)-fold for each cm H 2 O increase in capillary pressure. Their maximal lymph flow increase was 8.5 times control, with typical increases of 2 to 3 times control values. This indicates an equivalent lymph flow response to acutely increased pulmonary vascular pressure in the dog and sheep preparations.
The "filtration coefficient" calculated from a balance of Starling forces for dog lung was 0.0075 ml/ min per cm H2O per 100 g. Erdmann et al. (1975) used this type of analysis to estimate a coefficient of 0.0077 rnl/min per cm H 2 0 per 100 g in unanesthetized sheep. For the sheep, the caudal mediastinal node lymph was assumed to represent 70% of total lung lymph. In our dog preparation, the tracheobronchial lymphatic flow was assumed to average 33% of the total, using published estimates of total lung lymph flow (Meyer and Ottaviano, 1974; Vreim et al., 1977) . On the other hand, Drake and Gabel (1978) reported filtration coefficients averaging 0.074 ml/min per cm H 2 O calculated from lobe weight gains in open-chest dogs. Thus, an order of magnitude difference has been demonstrated between coefficients estimated by two different methods in very similar dog lung preparations. Filtration coefficients measured directly in isolated dog lungs are 21 times greater than those estimated in the present study (Drake, 1975) . Richardson et al. (1979) recently reviewed the limitations of each of these techniques. Apparently the diversity of reported filtration coefficients depends upon the measurement techniques rather than any species difference in filtration properties.
The value chosen for the filtration coefficient influences our interpretation of the effectiveness of the lymphatic "safety factor" against edema. Depending upon the value of filtration coefficient chosen, the net pressure imbalance across the capillary wall attributed to lymph flow can be either 22.5 cm H 2 O, or 2.25 cm H 2 O when lymph flow was 6.31 times control. If the lower filtration coefficient is correct, then lymphatic flow would represent the entire "safety factor" against pulmonary edema (Guyton et al., 1975) . If the filtration coefficient is large, then the increase in lymph flow observed after elevating vascular pressure offers little protective effect against pulmonary edema. There is considerable evidence that the higher estimates of filtration coefficient represent the actual value. Additional research may resolve these discrepancies between estimates of the filtration coefficient, and indicate the magnitude of the lymphatic safety factor.
Another component of the "safety factor" in lung tissue results from an increase in the transcapillary oncotic pressure gradient (w p -7TL) following elevations of vascular pressures. The oncotic gradient increased by approximately 37% of the increase in capillary pressure in the present studies. Drake (1975) found an increase in (TT P -7TL), which was equal to about l A of the capillary pressure increase in an isolated dog lung study. However, Erdmann et al. (1975) found that (TT P -TTL) increased to equal 50% of the imposed increase in capillary pressure in unanesthetized sheep. In the two latter studies, the colloid osmotic pressure was calculated using the Landis and Pappenheimer (1963) equation for human plasma. This may lead to an overestimate of the colloid osmotic pressure of dog plasma and lymph and, consequently, a larger change in (w p -TTL) (Navar and Navar, 1977) . If our estimate for a<j of 0.62 for total protein is used to estimate the colloid osmotic pressure, then the oncotic component of the "safety factor" can compensate for only of the capillary pressure increase. A a d for albumin of 0.5 or greater would mean that therapeutic solutions of albumin in the treatment of pulmonary edema (Granger et al., 1978) would initially exert at least one-half of their theoretical colloid osmotic pressure across the lung endothelium.
